Products of the mitochondrial protein-synthesizing system have been labeled in vivo in the presence of cycloheximide in microaerobic cells and in cells from glucose-limited and glucose-repressed aerobic continuous cultures of Saccharomyces cerevisiae. Lipophilic proteins were extracted from labeled mitochondrial membranes with aqueous methanol and neutral and acidic chloroformmethanol solvents. In glucose-limited aerobic and microaerobic cells, about half of the total mitochondrial products were soluble in organic solvents; in contrast, almost all of the labeled products were extracted from glucose-repressed mitochondria. Only trace amounts of labeled product were formed in mitochondrial membranes of a petite mutant. Lipophilic proteins were examined by polyacrylamide gel electrophoresis under dissociating conditions. Most of the label was associated with components of apparent molecular weights 12,000, 14,000 and 16,000. The relative proportions of these species in mitochondrial membranes are dependent on the concentrations of oxygen and glucose in which the cells are grown.
Products of the mitochondrial protein-synthesizing system have been labeled in vivo in the presence of cycloheximide in microaerobic cells and in cells from glucose-limited and glucose-repressed aerobic continuous cultures of Saccharomyces cerevisiae. Lipophilic proteins were extracted from labeled mitochondrial membranes with aqueous methanol and neutral and acidic chloroformmethanol solvents. In glucose-limited aerobic and microaerobic cells, about half of the total mitochondrial products were soluble in organic solvents; in contrast, almost all of the labeled products were extracted from glucose-repressed mitochondria. Only trace amounts of labeled product were formed in mitochondrial membranes of a petite mutant. Lipophilic proteins were examined by polyacrylamide gel electrophoresis under dissociating conditions. Most of the label was associated with components of apparent molecular weights 12,000, 14,000 and 16,000. The relative proportions of these species in mitochondrial membranes are dependent on the concentrations of oxygen and glucose in which the cells are grown.
Recent studies have confirmed that products of both the cytoplasmic and mitochondrial protein-synthesizing systems are required for the assembly of some complexes of the inner membrane of yeast mitochondria, e.g., cytochrome c oxidase (4, 10, 20) and adenosine triphosphatase (18, 20) . A significant proportion of the mitochondrial protein products can be extracted selectively from rat liver (1, (6) (7) (8) (9) and yeast (13, 19) mitochondria with organic solvents. Kadenbach and Hadvary (7), Sierra and Tzagoloff (17) , and Michel and Neupert (12) have discussed the possible role of small lipophilic molecules in the synthesis and assembly of mitochondrial membranes. Previous studies showed that the nature of the membrane proteins made by the mitochondria in Saccharomyces cerevisiae is regulated by environmental factors such as oxygen tension and glucose concentration (5, 11, 15) . Whether this control extends to the synthesis of the lipophilic proteins and, therefore, reflects fundamental changes in mitochondrial membrane structure is the subject of this communication.
MATERIALS AND METHODS
Cell culture. A diploid strain of S. cerevisiae and a petite cell derived from the parent strain by euflavine treatment were studied. Cells were grown in continuous cultures in a New Brunswick Microferm, fitted with pH and oxygen controls, on a semisynthetic medium (16) at pH 5.5 with a dilution rate of 0.06/h. Labeling, extraction, and electrophoresis of lipophilic proteins from mitochondria. The protein products synthesized by the mitochondria were labeled in vivo with [4, 5-3H]leucine as described previously (15) . The concentration of tritiated leucine used during the labeling period was varied in some experiments and is referred to in the legends.
Lipophilic proteins were extracted essentially by the method of Tzagoloff and Akai (19) . Pellets of submitochondrial particles were extracted twice with methanol (90%, vol/vol) at room temperature (1 ml of solvent per 2 mAg of mitochondrial protein), and the extract was dried at 50 C under dry nitrogen and then dissolved in sodium dodecyl sulfate solubilizer by heating at 70 C for 30 min as described previously (15) . The residue recovered by centrifugation after methanol extraction was extracted twice (1 ml of solvent per 2.5 mg of protein) with chloroformmethanol (2:1, vol/vol) at 50 C for 20 min. The extracts were pooled, dried, and dissolved as above.
The residue from this extraction was extracted twice (2 ml of solvent per 2.5 mg of protein) with acidified chloroform-methanol (2: 1, vol/vol; 10 mM HCl) for 20 min at 50 C, and the extracts were pooled, dried under nitrogen, and solubilized. The residue remaining after these solvent extractions was also dried and solubilized in sodium dodecyl sulfate. Samples of the different solvent extracts were removed, before drying, for the determination of protein and radioactivity ROGERS AND STEWART sulfate as described by Weber and Osborn (21) , except that the buffer was tris(hydroxymethyl)aminomethane (pH 8). Gels were sliced and analyzed for radioactivity as described earlier (15) . Results are plotted as radioactivity per slice versus slice number without subtraction of background, and are plotted up to the point on the gel after which no further significant amounts of radioactivity are found. Recovery in the slices of radioactivity applied to the gel was in the range 75 to 110% provided that solubilization of the applied material was complete. In some experiments the gels were stained with Coomassie blue (2%, vol/vol, in methanol-acetic acid-water, 5:1:4). Destaining was carried out at 40 C in methanol-acetic acid-water (5:1:4). Stained gels were scanned at 650 nm in a Gilford spectrophotometer fitted with a scanning accessory and set with a full scale absorbance value of 1.0.
Amino acid identification. Dried extracts were incubated for 30 to 32 h at 110 C in a mixture of 6 M HC1 and concentrated acetic acid (2:1, vol/vol). The lipids were extracted with petroleum ether, and the water-soluble components were separated by twodimensional paper chromatography (14) . Amino acids were identified with ninhydrin; other substances were identified with iodine. When radioactivity was to be quantitated, the spot corresponding to leucine was cut out and leached in 1 ml of water overnight, and radioactivity in the extract was determined. (Table 1) . Neutral chloroform-methanol solubilized about one-quarter of the radioactive products (Table 1) . With acidic chloroform-methanol a further 15% of the original radioactivity was recovered, and the residue after the extractions accounted for more than 50% of the initial activity. However, the specific activity of the neutral chloroform-methanol fraction had increased about 25-fold compared to that of the original submitochondrial particles.
RESULTS

Glucose
The radioactivity in the solvent extracts was shown to be primarily due to incorporated leucine by identification of the amino acid after acid hydrolysis of the extracted material. More than 85% of the incorporated radioactivity was recovered as leucine by two-dimensional paper chromatography.
The mitochondrial products extracted with the solvents were examined by gel electrophoresis. Resolution of individual protein species on gels run under these conditions is more or less inversely related to the amount of protein 1.7w applied to the gels. On the other hand, the amount of radioactivity may become unsatisfactorily low as gel loading is decreased. A compromise must therefore be made between resolution and workable levels of radioactivity. The significant comparisons to be made lie primarily in differences between cell types; hence, loading has been kept comparable within a given type of extract or residue. Nevertheless, some of the gels are loaded with relatively large amounts of protein (> 100 ,ug), and the number of individual species identified must therefore be considered a minimal estimate.
In Fig. 1 the electrophoretic patterns of the extracted fractions are shown. Two major bands of radioactivity, both with slightly lower mobilities than cytochrome c, were observed in the methanol fraction (Fig. la) . The disperse leading edge of the radioactivity trace is associated with opaque material which does not stain significantly with Coomassie blue. This material migrates with similar mobility as phospholipid under these conditions; its properties remain to be examined.
Components of similar mobilities to those in the methanol extracts were also detected after electrophoresis of the neutral chloroformmethanol extracts (Fig. lb) . In this case, most of the label was associated with a discrete band of radioactivity corresponding to a molecular weight of 14,000; some activity was also present in the region close to the cytochrome c marker. A minor component with mobility greater than that of cytochrome c was also detected.
In the acidified chloroform-methanol extract (Fig. lc) , almost all the radioactivity was present as a discrete band of apparent molecular weight 16,000. Label also migrated with the same mobility as the cytochrome c marker.
High-molecular-weight products of mitochondrial translation were detected in the residue remaining after each successive solvent extraction (Fig. 2) . After extraction of the particles with 90% methanol, most of the label associated with 90,000-molecular weight components in untreated membranes was removed; an increase in the relative amount of radioactivity associated with products of apparent molec- Fig. 2a and 3a) .
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The distribution of radioactivity in mitochonit s drial membranes from microaerobic, glucoselimited cells is shown in Fig. 3a When the extracted products were characterized by electrophoresis, the residue after methanol extraction showed a significantly different radioactivity profile compared with the untreated particles (cf. Fig. 3a and b) . Firstly, the label associated with 90,000-molecular weight products had disappeared; secondly, a decline had occurred in the relative proportion of products of approximately 35,000 molecular weight; thirdly, radioactivity was now associated with products of molecular weight 12,000 and 14,000; and finally, some label now migrated faster than the cytochrome c marker. Neutral chloroform-methanol extracted 12,000 and 14,000-molecular weight products and also components of molecular weight less than 12,000 ( Fig. 3c and  3d) . Acidified chloroform-methanol extracted mainly 14,000-molecular weight material and a small proportion of higher-molecular-weight species (Fig. 3e) . The 14,000-molecular weight material could still be detected in the final residue (Fig. 3f) and, in addition, label was still associated with 20,000-to 30,000-molecular weight products.
Glucose-repressed aerobic cultures. When cells are grown under glucose repression in continuous culture, mitochondrial respiratory development is repressed (15) . In this regard, the effects of anaerobiosis and glucose repression in S. cerevisiae are similar. Furthermore, the fraction of mitochondrial protein made by mitochondrial ribosomes declines by almost half in repressed cells compared with derepressed cells (15) . Whether or not the nature of the mitochondrial protein products formed under these conditions is also altered was examined by extracting proteolipid fractions and analyzing them by gel electrophoresis. Practically all of the mitochondrial membrane synthesized by mitochondrial ribosomes was recovered in the 20,000-to 45,000-molecular weight region of the gel (Fig. 4a) . The results of solvent extraction are summarized in Table 2 . Mitochondrial membranes from cells grown in glucose-repressed, aerobic continuous culture were labeled under similar conditions and extracted sequentially with organic solvents. The solvent extracts and the residues were analyzed on sodium dodecyl sulfate-acrylamide gels: (a) untreated radioactivity (>80%) was solubilized with neutral chloroform-methanol, although once again the extracted label consisted predominantly of 12,000, 14,000, and 16,000-molecular weight products; label was also present near the origin of the gels (Fig. 4b) . Acidic chloroformmethanol solubilized most of the remaining radioactivity, which was found to be primarily 14,000-and 16,000-molecular weight material (Fig. 4c) .
Absence of significant amounts of lipophilic proteins of mitochondrial origin in a petite strain of S. cerevisiae. Protein products of yeast cells labeled in vivo in the presence of cycloheximide are usually classified as mitochondrial in origin, provided the following criteria are satisfied. Firstly, the label must be associated with the mitochondria; secondly, the labeling should be inhibited by specific inhibitors of mitochondrial protein synthesis; and thirdly, the labeling should not occur in petite mutants in which a specific deletion of the mitochondrial protein-synthesizing system has occurred. The first and second criteria have been confirmed and are described elsewhere (15) .
Petite cells from aerobic, glucose-limited continuous cultures were labeled in the presence of cycloheximide and a high concentration of radioactive leucine (Table 2) ; a mitochondrial membrane preparation was prepared and examined by gel electrophoresis. A single small peak of radioactivity migrating with the cytochrome c marker could be identified in mitochondrial membranes prepared from this mutant (Fig. 5) . Most of this radioactivity (80%) was extracted with 90% (vol/vol) methanol (Table 2 ). The fact that none of major species labeled in wild-type cells was labeled in the petite mutant indicates that these are products in one form or another of the mitochondrial system.
When the methanol extract was examined by gel electrophoresis, all the radioactivity migrated faster than the cytochrome c marker (Fig. 5b) at a position comparable to the bromophenol blue dye front. Similarly, when the neutral chloroform-methanol extract was subjected to electrophoresis, traces of label were detected (Fig. 5c) specific amounts of label that may be associated with, and extracted from, mitochondrial membranes from the wild-type cells. DISCUSSION The existence of hydrophobic membrane proteins soluble in organic solvents is now well established (3, 20) . Lipophilic proteins of this type may be the primary products of the mitochondrial protein-synthesizing system (1, 2, 6-9, 13, 17, 19, 20) , and recent evidence indicates that they include components of the rutamycin-sensitive adenosine triphosphatase complex of yeast (17, 20) .
The apparent molecular weights of the mitochondrial lipophilic proteins have been determined from polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate. Under these conditions, the molecular weights of a large number of soluble proteins are directly related to their electrophoretic mobilities. Whether or not a similar relationship applies to the mobility of lipophilic proteins is not known, and the molecular weights reported for these species must therefore be regarded as tentative.
The apparent molecular weights of the lipophilic proteins identified in this study generally lie in the range of 12,000 to 16,000, in agreement with the observations of Ebner et al. (4) . These values are higher than those reported for yeast (19) and for rat liver (7) . The apparent differences between these results and those of Tzagoloff and Akai (19) The significance of these differences is not immediately evident; they could be due to intrinsic differences in the solubility of the membrane proteins (i.e., to chemical differences), to differences in accessibility to solvents resulting from altered interactions within the membranes, or to altered relative synthesis in the mitochondria of different products, lipophilic and hydrophilic. In the case of altered patterns of synthesis, this could result directly from changes in the amounts of different proteins formed or, alternatively, to regulation by the availability of and binding (covalent or otherwise) to products of the cytoplasmic protein-synthesizing system located in the mitochondrial membrane. Differences in relative proportions of 12,000-, 14,000-, and 16,000-molecular weight components extracted from mitochondria from the three cell types might be explicable in similar terms. A conclusive demonstration that these represent real differences in mitochondrial translation control in cells grown in different environments must await the isolation and chemical characterization of these lipophilic components of the mitochondrial membrane.
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